A self-assembly method is developed to fabricate single-wall carbon nanotube field-effect transistors ͑SWNT-FETs͒. The electrode surface and the area between electrodes are modified with nonpolar groups ͑−CH 3 ͒ and polar groups ͑−NH 3 + ͒. SWNTs are selectively placed in the area between the electrodes. We achieve stability and specificity in label-free protein detection using the biotin-streptavidin pair as research model. Our process holds promise for high integration of SWNT-FET biosensors, with no need for high-temperature processing.
I. INTRODUCTION
Label-free biosensors with high miniaturization and integration have drawn intense interest since they could potentially make advanced molecular diagnostics available for low cost routine practice. [1] [2] [3] [4] [5] [6] [7] Current sensing mainly focuses on optical detection using fluorescent-labeled biomolecules with dyes [8] [9] [10] or quantum dots. [11] [12] [13] Artificially labeled materials are time consuming and cost intensive, 5, 6 and the introduction of labels weakens the interaction between receptor and target. 6 Hence, the development of fully electronic label-free sensing techniques is highly desirable. [1] [2] [3] [4] [5] The electrical conductance of a semiconducting singlewall carbon nanotube ͑SWNT͒ is sensitive to its environment and varies significantly with surface adsorption of various chemicals and biomolecules. [14] [15] [16] [17] [18] [19] This makes SWNT fieldeffect transistors ͑SWNT-FETs͒ very promising candidates for label-free biosensing.
Sensitivity is a key factor for a sensor, and reflects its minimum detectable concentration. 20 Recently reported nanotube biosensors have shown reliable high detection limits between 100 pM and 100 nM for proteins, [18] [19] [20] and potential for large-scale arrayability. 7, [18] [19] [20] [21] [22] Indeed, the use of nanotube biosensor requires arrays of devices on wafers. 20, 22 It is thus essential to develop assembling techniques for mass production of SWNT-FETs on given substrates with control over SWNT location and orientation.
To date, the assembly and integration of SWNT-FETs is generally performed in two ways, in situ chemical vapor deposition ͑CVD͒ [23] [24] [25] [26] or postgrowth fabrication. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] So far, the lowest reported CVD growth temperature is 350°C, 26 but in situ growth approaches for parallel assembly usually involve very high temperature ͑Ͼ700°C͒. [23] [24] [25] This limits their application in some preexisting circuit structures. Alignment and selective deposition of as-grown SWNTs were demonstrated by using surface-modified substrates, [27] [28] [29] electric fields, [30] [31] [32] [33] [34] [35] and AFM manipulation, 36 but these approaches suffer from shortcomings, such as complex operation, or the need for special equipment. Therefore, it is still desirable to develop a method for selective incorporation of SWNTs into integrated circuits using a simple, low-cost, high-yield, self-assemblybased technique.
II. EXPERIMENTAL
We use High Pressure CO conversion ͑HiPCo͒ SWNT ͑from Carbon Nanotechnologies͒, biotin-N-hydroxylsuccinimide ester ͑biotin͒ and streptavidin ͑from Molecular Probes͒, bovine immunoglobulin ͑IgG͒ ͑from SigmaAldrich͒, poly͑ethylene imine͒ ͑PEI͒ ͑average molecular weight of 25 000, Aldrich͒, and poly͑ethylene glycol͒ ͑PEG͒ ͑average molecular weight of 1000, Aldrich͒.
Cr/Au electrode patterns are made using conventional UV lithography and lift-off on n-type silicon wafers with a 200 nm thermally oxidized layer. The electrodes are 10/100 ͑Cr/Au͒ nm, with a gap of 5 -10 m.
The surface of a wafer bearing electrode patterns is functionalized with nonpolar ͑−CH 3 ͒ or polar ͑−NH 3 + ͒ groups in selected areas. The detailed procedure is as follows. The SiO 2 surface between gaps is hydroxylated in a solution of ammonium hydroxide/hydrogen peroxide/water ͑1:1:4͒, and terminated with an amino-group by immersing the wafer into 2% aminopropyltriethoxysilane ͑APTES͒ in 95% acetone for 1 h. 38 Subsequently, the surface of the gold electrodes is covered with a self-assembled monolayer of octanethiol by immersing the wafer in 2% methanol solution of octanethiol for 12 h. To selectively deposit SWNTs in the gap area, the functionalized wafer is immersed in a solution of SWNTs in 1,2-dichlorobezene ͑ϳ0.02 mg/ ml͒ for 1 min. The SWNT solution of 1,2-dichlorobezene is prepared by sonicating 0.2 mg SWNT in 10 ml 1,2-dichlorobezene for 15 min. The device structure is checked by high-resolution scanning electron microscopy ͑SEM͒ ͑FEI Philips XL30 sFEG͒. The elec- The nanotubes in the device are coated with a layer of PEI and PEG. These polymers are used for covalent attachment of biomolecules and prohibition of physical adsorption of proteins. 18, 39 To do so, the device is submerged in 5% water solution of PEI and PEG for 12-18 h, followed by rinsing in de-ionized water for 1 h. The polymer-coated devices are biotinylated by immersing them in a 10 mM water solution of biotin-N-hydroxysuccinimide ester at room temperature for 2 h. Subsequently, the biotinylated polymercoated devices are exposed to phosphate buffered saline ͑PBS͒ ͑0.02 M, pH 7.2͒ solution containing 50 nM of streptavidin at room temperature for 30 min. Then, the devices are rinsed with water and blown dry with nitrogen. To test the specificity of the biosensor, the device is exposed to 50 nM IgG in PBS buffer, which should not interact with the biotin layer. Then, real-time monitoring of the electronic signal is carried out.
III. RESULTS AND DISCUSSION
The self-assembly procedure for SWNT-FET fabrication is shown in Fig. 1 . The surfaces of the gold electrodes and the area between electrodes are functionalized with nonpolar groups ͑−CH 3 ͒ and polar groups ͑−NH 3 + ͒, respectively. X-ray photoelectron spectroscopy ͑XPS͒ is used to probe the effectiveness of this selective functionalization by determining the elemental composition of the surface. Nitrogen is present in the amino groups in APTES, but it is not in octanethiol. XPS data acquired in an area between electrodes shows the nitrogen 1s peak with a binding energy of 400 eV, indicating APTES functionalization. 38 No nitrogen peak is detected on the surface of the gold electrodes.
Previous studies show that SWNTs tend to deposit in areas covered with polar chemicals when the wafer is dipped in a SWNT solution. 27 By exploiting this, we develop a selfassembly approach for selective deposition of SWNT between electrodes. Figure 2͑a͒ shows a low magnification SEM image of our integrated nanotube FET. Figure 2͑b͒ presents the magnified image of the device, where SWNTs are deposited in the area between electrodes and contact the electrodes. The surface of the gold electrode is clean, showing the effectiveness of our method. The SEM images clearly indicate that our devices are nanotube network transistors.
Present growth methods always produce a mixture of metallic SWNTs ͑m-SWNT͒ and semiconducting ones ͑s-SWNT͒. Removing m-SWNTs could allow us to better exploit the conductance changes in s-SWNT as a result of binding of biological macromolecules to the surface. [14] [15] [16] [17] [18] Electrical breakdown ͑BD͒ is an effective way to eliminate m-SWNT in individual SWNT devices. 40, 41 This may not be the case in network SWNTs. 42 One important difference between SWNT networks and individual SWNTs is that, in networks, intertube processes dominate [42] [43] [44] [45] [46] and transport can be explained by the percolation theory. [43] [44] [45] [46] [47] [48] Total elimination of m-SWNTs in network devices is not strictly necessary for sensing applications. Network devices with high percentage ͑Ͼ60%͒ of s-SWNTs can show field effect and be used for biosensing. 18 However, even in network SWNT devices, voltage pulses can significantly increase the on/off ratio, whatever the microscopic mechanism, be it BD, oxidation, selective cutting, or incomplete m-SWNT removal. Thus, we do so here, by applying a high gate voltage ͑V G =30 V͒ to deplete s-SWNTs. Figures 3͑a͒ and 3͑b͒ show a comparison of the I DS -V G characteristics of a representative device, before and after this procedure. The on/off ratio increases from less than 10 to about 10 4 . The I DS -V G characteristic ͑V DS =1 V͒ of a typical device is plotted in Fig. 4 . It shows high conductance ͑Ͼ10 −6 A͒ under negative gate bias and almost none ͑ϳ10 −10 A͒ for positive gate bias. The device turns on with an on-off ratio of approximately 3 ϫ 10 4 . The drain current decreases as V G goes from −15 to −3.5 V. Almost no conduction is seen from −3.5 V to higher positive gate biases. This indicates that the carriers are holes and the device behaves as p-type. Previous works attributed this p-type behavior to adsorbed O 2 from the ambient. 15, 16, 49, 50 The threshold voltage V th ͑the gate voltage for which the device starts to turn on͒ is approximately −3.5 V. The subthreshold swing, defined as S = dV G / d log͑I DS ͒, is a key parameter to transistor miniaturization. 50 A small S is desired for low threshold voltage and low-power operation in FETs 
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scaled down to small sizes. We extract subthreshold swings for all our p-type SWNT FETs in the range of 300Ϯ 100 mV per decade, similar to previous results for individual SWNT-FETs ͑Refs. 16 and 49-54͒. In addition, our self-assembled SWNT network transistors show a minimal hysteresis. 55 Figure 5 shows the architecture of our nanotube biosensor. Coating polymers ͑PEI and PEG͒ on SWNT is a noncovalent functionalization method. 18, 41, 56 The amino groups in PEI covalently attach receptor molecules to the nanotube surface. Polymer coating can efficiently prohibit nonspecific adsorption of biomolecules. PEI and PEG are thus used to avoid the physical absorption of proteins on the nanotube surface. 39, 53 In order to remove PEI and PEG nonspecifically adsorbed on the nanotube surface, the device is rinsed in water. 15 We exploit the biotin-streptavidin pair to demonstrate the effectiveness of the device architecture. It is known that biotin binds to streptavidin specifically. 57 The electrical properties of the SWNT-FETs are measured in real time at room temperature. We measure ͑1͒ the bare nanotube FET, ͑2͒ nanotube FET with PEI and PEG coating, ͑3͒ nanotube FET with biotin attachment, and ͑4͒ nanotube FET with streptavidin binding. The change in the device characteristic after steps 1-4 is shown in Fig. 6 . This plots the drain currentdrain bias characteristics at V G = −5 V before and after every modification on the SWNT channel. As shown in Fig. 6͑a͒ , 4.0x10 -6 6.0x10 the PEI coated SWNT-FET ͑curve II͒ has lower conductance compared to the bare one ͑curve I͒. This decrease in conductance can be assigned to partial depletion of holes in the p-type SWNT-FET by electron donation from the amine groups in the polymer. 17 Amino groups are converted into amide groups by reaction with the biotin-N-hydroxylsuccinimide ester. Amide groups cannot act as electron donor, so the conductance of biotinylated FET ͑curve III͒ recovers to the level of the bare FET. This indicates that biotin is successfully covalently attached to the SWNT channels. Curve IV in Fig. 6͑b͒ shows a sharp increase in conductance after the biotinylated FET is exposed to the target streptavidin ͑50 nM͒, indicating that the target is detected successfully.
We also monitor real-time detection. Figure 7 shows the time dependence of I DS at V DS = 0.2 V and at V G = −5 V after the introduction of target streptavidin ͑50 nM͒ onto the biotinylated device. Adding the target streptavidin causes a sharp increase in the source-drain current and then a gradual saturation at slightly lower values.
The increase in conductance upon addition of streptavidin is consistent with binding of a negatively charged species to the surface of a p-type SWNT, and streptavidin ͑isoelec-tronic point ͑pI͒: ϳ5 to 6͒ being negatively charged at the pH of our measurements ͑pH = 7.2͒. 57 Therefore, our results indicate that streptavidin is successfully bound to the SWNT channels via biological recognition of the biotin-streptavidin pair.
Complete coating of PEG is crucial for suppression of physical binding and, thus, improvement of selectivity and specificity of the sensor. Therefore, the devices are treated in a PEG solution for at least 12 h. Control experiments are then carried out in order to investigate the stability and specificity of our biosensors. Figure 8 shows the time dependence of the SWNT-FET responses at V DS = 0.2 V and V G =−5 V. No significant conductance change is observed after exposure to the blank PBS. The specificity of the biosensor is tested by applying the control protein IgG. When the biosensor is exposed to IgG ͑50 nM͒, no significant I DS change is observed ͑Fig. 8͒. This shows that the biosensor only responds to the detection target ͑streptavidin͒ and thus is specific and highly selective. In addition, this also indicates that nonspecific binding of IgG is successfully suppressed by the PEI and PEG coatings.
IV. CONCLUSIONS
We demonstrated SWNT-FETs fabricated via a selective functionalization approach. The SWNTs are selectively deposited in an APTES modified area between electrodes. We discussed their sensing applications using biotin-streptavidin as research model, and demonstrated high stability and specificity. This fabrication method can be extended for largescale assembly of SWNT-FETs, without any hightemperature processing, and can be ideal for high integration of SWNT-FET biosensors. 
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